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Abstract 

Aim: Hamstring tendons are widely used for anterior cruciate ligament (ACL) reconstruction. Preoperative magnetic resonance (MR) images have been used to 
measure the dimensions of hamstring tendons and to predict the graft size prior to ACL reconstruction. The aim of this study was to determine the reliability 
of measurements of the diameter and area of semitendinosus and gracilis muscle tendons using 1.5 Tesla magnetic resonance imaging (MRI). 

Materials and Methods: In this retrospective study, three evaluators independently reviewed 74 knee MRI to determine the diameter and cross-sectional area 
of semitendinosus and gracilis tendons at three levels (medial femoral condyle, joint line and below the tibial plateau). Mean values were calculated for each 
reviewer and intraclass correlation coefficient (ICC) values were used to assess inter-rater agreement. 

Results: There was an excellent inter-rater agreement with respect to measurements of the width and cross-sectional area of semitendinosus and gracilis 
tendons at all levels. The inter-rater agreement with respect to the thickness of semitendinosus and gracilis tendons ranged from good to excellent at the 
three levels. 

Discussion: Using 1.5 T MR imaging for preoperative hamstring graft size prediction, authors found excellent inter-rater agreement with respect to the mea- 
sured cross-sectional area of semitendinosus and gracilis muscle tendons at three levels in this study. Even though the ICC values for tendon thickness of 
gracilis muscle were relatively low, the inter-rater agreement was rated as “good” in two axial planes, and “good to excellent” in one axial plane. More studies 
are needed to discover the exact inter-rater agreement levels for hamstring tendon measurements using 1,5 T MR images. 
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Introduction 

The anterior cruciate ligament (ACL) plays an important role in 
maintaining the stability of the knee joint by restricting tibial 
translation in relation to the femur [1]. ACL is also one of the 
most frequently reconstructed ligaments [2]. ACL reconstruction 
is currently the standard treatment for the prevention of 
meniscal tears and knee laxity in athletically active persons 
[3]. Hamstring tendons are widely used for ACL reconstruction 
[4]. The use of quadruple hamstring tendon grafts for ACL 
reconstruction has been shown to confer adequate ligament 
strength and achieve good clinical results [5,6]. 

Prior to harvesting the graft, 
planning is essential to achieve successful outcomes of ACL 
reconstruction. Various researchers have attempted to predict 
tendon autograft size using patient height, weight, and other 
anthropometric data [7-9]. Magnetic resonance (MR) imaging is 
a very useful diagnostic tool for the assessment of ACL injuries. 
Cross-sectional MR images in the axial, coronal, and sagittal 
planes are useful in measuring the dimensions of knee tendons. 
Prediction of allograft size using MR imaging has evoked 
considerable interest in contemporary literature [10,11]. 

In the present study, we aimed to assess the reliability of area 
measurements of semitendinosus (ST) and gracilis (GR) muscle 
tendons using routine 1.5 T knee MR images. Three reviewers 
measured the width, thickness, and cross-sectional area of 
these tendons which are widely used as autografts for ACL 
reconstruction. In addition to the widely used measurement 
techniques, three axial planes were used to measure tendon 
dimensions and tendon area calculations. 


meticulous preoperative 


Material and Methods 

Patients 

After the approval of our institutional ethics committee, all 
patients (n=511) who were admitted to our hospital between 
January and December 2019, and underwent knee MR 
examination were reassessed to determine the knee pathology. 
The requirement for informed consent of subjects was waived 
off by the ethics committee owing to the retrospective study 
design. Patients in the age-group of 18-50 years were included 
in this research. This age-group was chosen considering the 
skeletal maturity and to avoid the effect of degenerative 
diseases on the measurement results. Patients with any knee 
deformity, knee osteoarthritis, history of patellar dislocation, 
septic arthritis, osteonecrosis, rheumatologic diseases, or 
previous knee surgery were excluded from the study. Patients 
with ligamentous injuries, tendinopathies of the knee, and 
meniscal tears were also excluded. Thus, skeletally mature 
patients with normal MR examinations were included in this 
research. All eligible patients were screened against the study- 
selection criteria based on the consensus of two observers (V.K. 
and 0.0.) after the assessment of all knee MR images. Finally, 
58 patients with unilateral and 8 patients with bilateral knee 
MR examinations were included in this retrospective cross- 
sectional study. Thus, 74 knee MR imaging of 66 patients (35 
female and 31 male, mean age: 32 + 8.3 years) were reassessed 
to determine the width, thickness, and the cross-sectional area 
of semitendinosus and gracilis tendons. 


MR Imaging 

MR imaging was performed using a 1.5 T machine (Magnetom 
Essenza; Siemens, Erlangen, Germany) equipped with an 
8-channel knee coil. Standard MRI protocol consisted of T1 
weighted (T1W) images in the sagittal plane and proton 
density-weighted (PDW) images in the axial, coronal, and 
sagittal planes. The technical parameters of MR imaging were 
as follows: sagittal TIW (TR: 515 ms, TE: 14 ms, Matrix: 192 
x 256, FOV: 160 mm, slice thickness: 3.5 mm, interslice gap: 
0.7 mm, ETL: 55, NEX: 2); axial PDW (TR: 2500 ms, TE: 28 
ms, matrix: 206 x 256, FOV: 170 mm, slice thickness: 3.5 mm, 
interslice gap: 0.7 mm, ETL: 69, NEX: 1); sagittal PDW (TR: 2670 
ms, TE: 24 ms, matrix: 205 x 256, FOV: 190 mm, slice thickness: 
3.5 mm, interslice gap: 0.7 mm, ETL: 70, NEX: 1); coronal PDW 
(TR: 2350 ms, TE: 26 ms, matrix: 205 x 256, FOV: 180 mm, slice 
thickness: 3.5 mm, interslice gap: 0.7 mm, ETL: 69, NEX: 1). 
MRI measurements 

All measurements were performed using the picture and 
archiving communication system (PACS) workstation panel 
(Enlil PACS Viewer, Eskisehir, Turkey) provided by our university 
hospital. Fat saturated axial PDW images were used and three 
different levels were selected to perform measurements. 
Semitendinosus tendon width (STW) and gracilis tendon width 
(GTW) were measured as the widest diameter in the axial plane. 
The longest diameter perpendicular to the width was measured 
as the semitendinosus tendon thickness (STT) and gracilis 
tendon thickness (GTT). Freehand region of interest tool of the 
workstation panel was used to determine the cross-sectional 
area of semitendinosus tendon (STA) and gracilis tendon (GTA) 
in the axial plane by manually tracing the tendon borders. 
Axial planes at the widest point of the medial femoral condyle 
(MFC), at the joint line (JL), and at the first plane just below 
the tibial articular plateau (BTAP) were chosen to perform 
the measurements. To eliminate any conflict and to clarify 
the selection of the exact location for the measurements, 
the sagittal image passing through the middle of the medial 
condyle was chosen to determine the axial plane of the JL. Two 
axial images below the JL (as our slice thickness was 3.5 mm, 
totally 7 mm below the JL) were chosen as the BTAP level to 
measure the tendons. The measurements were independently 
performed by 3 observers (two radiologists with 15 and 21 
years of experience, respectively, and one orthopedic surgeon 
with 25 years of experience) under x 15 magnification. The 3 
observers were blinded to each other’s image interpretations 
and measurement results. All measurements were noted to the 
nearest hundredth of a millimeter (Figures 1-3). 

Statistical analysis 

After patient data and image acquisition, all statistical analyses 
were performed using IBM SPSS Statistics for Windows V.20 
(IBM Corp). The mean values with standard deviation were 
calculated according to each observer’s measurement results. 
The intraclass correlation coefficient (ICC) was used to assess 
inter-rater reliability. A standard scale developed by Koo and Li 
was used to verify inter-rater agreement [12]. According to this 
scale, the inter-rater agreement is graded as follows: ICC<0.50, 
poor; 0.50-0.75, fair; 0.75-0.90, good; 0.90-1.00, excellent. All 
ICC values are presented with 95% confidence intervals (Cl). 
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Figure 1. Axial proton density weighted images obtained at the 
level of the widest point of the medial femoral condyle (a) and the 
sagittal reference line (b). In this section, semitendinosus tendon 
width and thickness measurements (c) and semitendinosus ten- 
don area measurement (d) are shown. In the same axial plane, 
gracilis tendon width and thickness measurements (e) and gracilis 
tendon area calculation are shown. 


Figure 2. Axial proton density weighted images passing through 
the joint line (a) and the sagittal reference line (b). Semitendi- 
nosus tendon width and thickness measurements (c), semitendi- 
nosus tendon area measurement (d), gracilis tendon width and 
thickness measurements (e) and gracilis tendon area calculation 
(f) are shown. 


Figure 3. Axial proton density weighted images passing just be- 
low the tibial articular plateau (a) and the sagittal reference line 
(b). Semitendinosus tendon width and thickness measurements 
(c), semitendinosus tendon area measurement (d), gracilis tendon 
width and thickness measurements (e), and gracilis tendon area 
calculation (f) in this axial plane are shown. 


Results 

There was an excellent inter-rater agreement with respect 
to all measurements (STW, STT, STA, GTW, GTT and GTA) at 
the MFC level. All tendon measurements at the JL and BTAP 
levels showed excellent agreement with the exception of GTT. 
For GIT measurements, “good” agreement was observed at 
these levels. However, the lower bounds of the 95 % Cls for STT 
measurements at the JL and BTAP levels were less than 0.900. 
The mean values of all tendon measurements (STW, STT, STA, 
GTW, GTT and GTA) at the MFC, JL, and BTAP levels showed 
excellent agreement. For GTT measurements, the lower bound 
of 95 % Cl was less than 0.900 at each level (Table 1). 


Table 1. Measurements of semitendinosus and gracilis tendons 
performed by each observer in three axial planes and the cor- 
responding ICC values 


95 % Confidence 


Observer 1 Observer 2 Observer 3 Icc 
(mean+SD) (mean+SD) (mean+SD) value 
Lower 
Bound 

MFC 
STW (mm) 447 +0.71 4.32 + 0.60 4.42 + 0.72 0.939 0.909 
STT (mm) 3.08 + 0.52 3.02 + 0.49 3.06 + 0.53 0.948 0.924 
STA (mm?) 11.42 + 2.84 11.29 + 2.68 11.26 + 2.87 0.974 0.962 
GTW (mm) 3.51 + 0.62 3.37 + 0.56 3.40 + 0.63 0.939 0.908 
GTT (mm) 2.10 + 0.39 2.06 + 0.37 2.04 + 0.38 0.904 0.858 
GTA (mm?) 6.02 + 1.74 6.14+1.71 5.91 + 1.76 0.963 0.945 
se 
STW (mm) 4.33 + 0.70 421 +071 427 + 0.69 0.952 0.929 
STT (mm) 2.88 + 0.61 2.81 + 0.52 2.80 + 0.59 0.928 0.895 
STA (mm2) 10.18 + 2.60 10.6 + 2.80 10.07 + 2.58 0.976 0.959 
GTW (mm) 3.79 + 0.75 3.76 + 0.80 3.69 + 0.75 0.948 0.923 
GTT (mm) 2.00 + 0.32 1.96 + 0.29 1.95 + 0.35 0.894 0.844 
GTA (mm2) 6.02 + 1.68 6.33 +1.71 5.94 + 1.68 0.966 0.945 
BTAP 
STW (mm) 4.49 + 0.79 4.47 + 0.95 4.40 + 0.80 0.939 0.911 
STT (mm) 2.66 + 0.52 2.59 + 0.45 2.63 + 0.53 0.921 0.883 
STA (mm?) 9.96 + 2.61 10.29 + 2.55 9.86 + 2.59 0.970 0.955 
GTW (mm) 4.08 + 0.84 3.88 + 0.93 4.03 + 0.81 0.944 0.915 
GTT (mm) 1.77 + 0.40 1.74 + 0.33 1.72 + 0.39 0.892 0.798 
GTA (mm?) 5.69 + 1.64 5.97 +1.71 5.60 + 1.65 0.944 0.916 
Mean 
STW (mm) 4.43 + 0.64 4.33 + 0.65 4.31 + 0.62 0.958 0.937 
STT (mm) 2.87 + 0.48 2.81 + 0.42 2.79 + 0.49 0.958 0.937 
STA (mm?) 10.52 + 2.54 10.74 + 2.53 10.31 + 0.48 0.982 0.972 
GTW (mm) 3.79 + 0.65 3.67 + 0.67 3.65 + 0.65 0.957 0.934 
GTT (mm) 1.96 + 0.31 1.92 + 0.27 1.84 + 0.30 0.905 0.848 
GTA (mm?) 5.91 + 1.58 6.14 + 1.58 5.73 + 1.57 0.969 0.947 


Interval 


Upper 
Bound 


0.960 


0.966 


0.983 


0.960 


0.936 


0.976 


0.969 


0.953 


0.986 


0.965 


0.930 


0.979 


0.960 


0.947 


0.980 


0.963 


0.909 


0.964 


0.973 


0.972 


0.989 


0.973 


0.940 


0.982 


ICC: intraclass correlation coefficient, SD: Standard deviation, MFC: The axial plane in which the widest 
point of the medial femoral condyle was observed, JL: The axial plane passing through the joint line, 
BTAP: The axial plane just below the tibial articular plateau, STW: Semitendinosus tendon width, STT: 
Semitendinosus tendon thickness, STA: Semitendinosus tendon area, GTW: Gracilis tendon width, GTT: 


Gracilis tendon thickness, GTA: Gracilis tendon area 


Discussion 

In this study, we observed an excellent agreement between 
reviewers in terms of cross-sectional area measurements of 
semitendinosus and gracilis muscle tendons at all axial levels. 
The width and thickness measurements also showed excellent 
agreement at the MFC level, and for all other diameter 
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measurements except GTT at the JL and BTAP levels. GTT 
measurements showed good agreement at the JL and BTAP 
levels. 

The hamstring tendons have been widely used as ACL 
autograft in recent years. Unlike quadriceps and patellar 
tendon autografts, the diameter of hamstring tendons shows 
considerable inter-individual variability and cannot be precisely 
predicted prior to its harvest during surgery [13]. 
studies have shown that anthropometric parameters such as 
age, sex, weight, height, and body mass index are associated 
with the hamstring graft size [7-9]. Graft prediction studies 
using MR imaging have evoked considerable interest in recent 
years. Researchers have sought to characterize the relationship 
of the diameter and cross-sectional area measurements of 
hamstring tendons with the actual autograft size. 

Hamada et al. used axial images at the level of the JL to measure 
the cross-sectional area of semitendinosus muscle tendon; 
they found a close correlation of these measurements with the 
intraoperative measurements [14]. Bickel et al. measured the 
hamstring dimensions just below the physis or physeal scar 
where hamstring tendons were more tubular in shape [2]. In 
many other studies, similar axial planes were used to measure 
the diameter of hamstring muscles at the level of MFC, knee JL, 
or both of these axial planes [11,15]. In the study by Vardiabasis 
et al., gracilis tendon and semitendinosus tendon diameter at 3 
cm above the medial knee JL showed the strongest correlation 
with the actual hamstring autograft diameter [13]. 

We observed that the obliqueness of hamstring tendon 
alignment was nearly the same for MFC level, JL, and in the 
first axial plane just under the tibial articular plateau. In 
addition, the axial planes which are close to the site of tendon 
insertion would not be appropriate to measure, since the 
distal-most edges of the tendon autograft are cut away and 
not used for ACL reconstruction. Moreover, after cutting the 
edges of the autograft, the remaining edges will be placed 
in the tunnel to fix the ACL reconstruction. We performed 
the tendon measurements on routine MR images of the knee 
placing emphasis on the axial planes owing to the convenience 
and better reproducibility of the measurements. Thus, we used 
three axial planes (MFC, JL, BTAP), which we perceived as being 
very close to the actual cross-sectional area measurements of 
semitendinosus and gracilis muscle tendons. 

It is desirable to preoperatively predict the dimensions or cross- 
sectional area of muscle tendons which are planned to be used 
as autograft; this would ensure that these are large enough 
for ACL reconstruction surgery. The exact autograft diameter 
required to avoid ACL reconstruction failure is not absolutely 
clear; however, recent studies suggest that even an increase 
of 0.5 mm up to an autograft size of 10 mm is beneficial for 
the patient [16]. In several previous studies, the mean graft 
diameter of quadruple hamstring grafts was in the range of 
7.7 mm to 8.5 mm [7,17,18]. In a meta-analysis by Conte et al. 
(2014), grafts < 8 mm in diameter were associated with 6.8 
times greater relative risk of graft failure [19]. Schlumberger et 
al. studied 2448 cases of four-strand doubled semitendinosus- 


Previous 


gracilis ACL reconstruction; however, they found that no 
significant difference between re-ruptured and non-ruptured 
groups when comparing outcomes of grafts < 8 mm and > 8 


mm [20]. Based on comprehensive pre- and post-operative 
morphological studies and follow-up of patients with ACL 
reconstruction, in addition to the graft size, other factors 
(especially the patient’s age) should be considered before 
reconstruction surgery [21-23]. 

In the 3T MRI study by Beyzadeoglu et al. (n=51), the mean 
values of STW, GRW, STA, and GTA were 4.2+0.4 mm, 3.1+0.3 
mm, 12.9+2.5 mm2 and 7.3+1.6 mm2, respectively [11]. In 
the 1.5T MRI study by Bickel et al. conducted on adolescent 
patients (n=26), the mean STA and GRA were 13.3+2.86 mm2 
and 6.97+2.16 mm2, respectively [2]. Camarda et al.’s results 
(n=100) for STW and GTW were 4.2+0.4 mm and 3.3+0.4 mm, 
respectively, on MR images obtained with a 1.5 T scanner [10]. 
In another 1.5 T MRI study by Hamada et al. (n=79), the mean 
STA value was 10.1+2.1 mm2 [14]. Hanna et al. (n=30) assessed 
the correlation (r) between preoperative MR measurements 
and intraoperative measurements of the size of tendons. 
Preoperative measurements of STW and GRW showed the best 
correlation at the level of MFC. In addition, the sum of STA and 
GTA (STA+GTA) measurements showed a stronger correlation 
at the level of MFC compared to that at the level of JL and 
the average measurement value of MFC and JL (r = 0.492) 
[24]. Hollnagel et al. (n=68) studied the relationship between 
preoperative autograft size measured on MR images and 
intraoperative autograft size using 1.5T and 3T MR machines. 
The measurements of STW and STA+GTA, at the MFC level 
showed a stronger correlation with intraoperative results than 
those at the level of JL and the average measurement value of 
MFC and JL for both 1.5T and 3T MR imaging [25]. In our study, 
we observed very high ICC values of STA and GTA at all levels, 
and there was an excellent inter-rater agreement for MFC, JL, 
and BTAP levels on 1.5T MR images. 

The smallest diameter measured in this research was GTT at 
all levels. Even the inter-rater agreement for GTT was “good” at 
the JL and BTAP levels; the “relatively low” agreement level may 
be attributable to the small sample size. On the other hand, for 
STT, the lower bounds of 95 % Cls were less than 0.900 and the 
upper bounds were more than 0.900 at the JL and BTAP levels. 
From a Statistical perspective, the obtained ICC value with a 95 
% Cl implies that there is a 95 % chance of the true ICC value 
to lie between the lower and upper bounds of the Cl. Although 
the ICC values obtained in this research were 0.928 at the JL 
level and 0.921 at the BTAP level, it would be more appropriate 
to deem the agreement level as “good” to “excellent”. This 
interpretation has previously been reported by Koo and Li [12]. 
Despite the high agreement levels observed in this study, some 
limitations of our study should be considered while interpreting 
the results. This study was not focused on the prediction of 
autograft size; nonetheless, a comparison of the preoperative 
diameter measurements on MR imaging with the intraoperative 
measurements of the graft helps verify the utility of MR imaging 
for predicting the actual graft dimensions. The purpose of this 
research was to assess the inter-rater agreement with respect 
to the measurement of the dimensions of semitendinosus 
and gracilis tendons using MR images; however, we did not 
assess the potential relation of these dimensions with other 
parameters such as weight, height, and body mass index. 
Furthermore, we only used MR images of normal individuals to 
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assess the reliability of tendon measurements; comparison of 
the measurement results of patients with and without rupture 
of ACL may provide a more robust assessment of the inter- 
rater agreement in each patient group. This study used three 
experienced reviewers to assess the inter-rater agreement; 
the inclusion of more observers would provide a more accurate 
assessment of the inter-rater agreement. 

Conclusion 

At the MFC, JL, and BTAP levels, we observed excellent inter- 
rater agreement with respect to the measurements of the 
diameter and cross-sectional area of the semitendinosus and 
gracilis muscle tendons using 1.5 Tesla MR images. Among all 
parameters measured in this research (STW, STT, STA, GTW, 
GTT and GTA), the lowest ICC values were recorded for GTT. 
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